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VISUAL ABSTRACT

Guo Z, et al. J Am Coll Cardiol Basic Trans Science. 2023;8(3):340–355.

HIGHLIGHTS

� Circulating ApoM is inversely associated

with mortality in human anthracycline-

induced cardiomyopathy.

� Anthracycline treatment reduces

circulating ApoM in humans and mice.

� Increasing ApoM attenuates doxorubicin

cardiotoxicity and lysosomal injury and

preserves myocardial autophagic flux, but

it does not affect doxorubicin

antineoplastic efficacy.

� Autophagic impairment is characteristic

of human anthracycline cardiomyopathy.
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SUMMARY

Apolipoprotein M (ApoM) binds sphingosine-1-phosphate (S1P) and is inversely associated with mortality in

human heart failure (HF). Here, we show that anthracyclines such as doxorubicin (Dox) reduce circulating ApoM

in mice and humans, that ApoM is inversely associated with mortality in patients with anthracycline-induced

heart failure, and ApoM heterozygosity in mice increases Dox-induced mortality. In the setting of Dox stress,

our studies suggest ApoM can help sustain myocardial autophagic flux in a post-transcriptional manner,

attenuate Dox cardiotoxicity, and prevent lysosomal injury. (J Am Coll Cardiol Basic Trans Science

2023;8:340–355) © 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology

Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

C hemotherapeutic treatments improve survival
for many patients with cancer, but these im-
provements are offset by increases in

therapy-related cardiovascular mortality.1 Anthracy-
clines, such as doxorubicin (Dox), are used for the
treatment of cancers including breast cancer, leuke-
mia, lymphoma, and sarcoma; however, the use of
anthracyclines is limited by acute and chronic cardio-
toxicity. The use of Dox remains common, particularly
in children, with nearly 50% of children with cancer
treated with an anthracycline.2 In children with acute
lymphoblastic leukemia treated with at least 1 dose of
Dox, more than half have cardiovascular abnormalities
in follow-up.3 Although cardiotoxicity is clinically
defined as a reduction in left ventricular (LV) ejection
fraction (LVEF), reduced LV mass is also a clinical sign
that portends a poor prognosis,4 independent of
changes in LVEF or body weight.5 Long-term, anthra-
cycline cardiotoxicity can result in heart failure (HF)
in approximately 2% of patients, a diagnosis that
carries a grave prognosis.6-8 Proposed mechanisms of
Dox cardiotoxicity include DNA damage downstream
of topoisomerase 2b,9 mitochondrial iron overload,10

and lysosomal injury with decreased nuclear translo-
cation of transcription factor EB (TFEB), a master
regulator of autophagy and lysosomal biogenesis.11,12

High-density lipoprotein (HDL) has been suggested
as a potential therapeutic for Dox cardiotoxicity and

HF.13,14 Cell culture studies indicate that HDL
attenuates cell death caused by Dox via
sphingosine-1-phosphate (S1P), a bioactive
sphingolipid that binds G protein–coupled
receptors on cardiomyocytes.15 More than
70% of S1P binds directly to the lipocalin
apolipoprotein M (ApoM) on HDL particles,
and the remainder of S1P is associated with
albumin.16 ApoM is secreted primarily by
hepatocytes, and it is associated with w5% of
HDL particles (and <2% of low-density lipo-
protein particles).17-19

ApoM exerts pleiotropic effects, including
antioxidant and antiatherogenic actions,20,21

regulation of inflammation,21 endothelial
protection,16,22 and increased cell survival.23

Hepatocyte-specific overexpression of human APOM
in mice (ApomTG) results in significant increases in
plasma ApoM and S1P,19 and ApoM-knockout mice
(ApomKO) exhibit 50% reductions in plasma S1P, with
normal amounts of S1P on albumin.16

Our prior clinical observations demonstrate that
reduced circulating ApoM is associated with
increased mortality in HF patients.24 In addition, we
recently observed that reduced ApoM is closely
linked to the adverse effects of diabetes on human HF
with preserved ejection fraction.25,26 In HF patients,
ApoM is inversely associated with mortality
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independent of HF subtype, ischemic heart disease,
HDL cholesterol, or apolipoprotein A-I (ApoA-I), the
main protein constituent of HDL.24 Despite these
observations, little is known about the in vivo
mechanisms by which ApoM may improve HF sur-
vival. In the present study, we hypothesized that
increasing ApoM would attenuate Dox cardiotoxicity.
Using anthracycline cardiotoxicity murine models,
we identify that ApoM is a novel regulator of the
autophagy-lysosome pathway. These studies point
toward a novel function of the ApoM/S1P axis in
regulating the autophagy-lysosome pathway in the
myocardium and may contribute to the observed as-
sociations between ApoM and HF survival.

METHODS

REAGENTS. Doxorubicin hydrochloride (50 mg) was
purchased from United States Pharmacopeia (R11760)
and dissolved in 20 mL of molecular-grade water to
get a 2.5-mg/mL stock, which was used in animal and
cell experiments.

RODENT STUDIES. All murine studies were approved
by the Institutional Animal Care and Use Committee
at Washington University in St Louis or by the Danish
Animal Experiments Inspectorate and were per-
formed following the Guide for the Care and Use of
Laboratory Animals.27 Mice were maintained on a
12:12-hour light-dark schedule in a temperature-
controlled specific pathogen-free facility and
fed standard laboratory mouse chow. ApomTG

and ApomKO mice were previously described.16,19

Myh6-Cre mice were purchased from The Jackson
Laboratory,28 and S1pr3KO mice were previously
described.29 Detailed methods for the generation of
Rosa–lysosomal associated membrane protein 1
(LAMP1)–red fluorescent protein (RFP) mice and
ApoM-knockin control or triple mutant (TM) mice
(ApoM-CTR or ApoM-TM, respectively) are provided
in the supplement. In age- and sex-matched adult
mice, cardiotoxicity was induced by intraperitoneal
(IP) or intravenous (IV) injection of Dox at specified
doses. Acute models used 1 dose of 20 mg/kg Dox, and
chronic models used 5 mg/kg once weekly � 4 weeks,
as previously described.11,12,30 Single-dose IP in-
jections were also performed with 10 mg/kg and
conducted in 2 independent laboratories at Wash-
ington University in St Louis (St. Louis, Missouri,
USA), and Copenhagen University (Copenhagen,
Denmark). Echocardiography was performed as pre-
viously described31 and read blindly by a cardiologist.
LV mass and LVEF were obtained using the

Vevostrain package in Vevo (Fujifilm Visualsonics).
Leukemic mice were generated by intravenous in-
jection of male mice with 5 � 105 acute promyelocytic
leukemia cells.32 After allowing 4 days for engraft-
ment, animals were treated with Dox on days 4, 6, 8,
11, 13, and 15 at 4 mg/kg subcutaneously. On day 17,
peripheral blood was obtained via the retro-orbital
plexus under anesthesia, and white blood cell
counts were obtained using an automated cell
counter (Hemavet 950, Drew Scientific). The per-
centage of circulating acute promyelocytic leukemia
cells in blood was determined by flow cytometry.

HISTOLOGIC ANALYSES. Histologic analyses were
performed as previously described.31,33 Electron mi-
croscopy was performed as previously described.34

CYTOPLASM AND NUCLEAR PROTEIN EXTRACTION.

Cardiac tissues were fractionated into nucleus-
enriched and cytoplasmic samples by using a Cel-
Lytic NuCLEAR Extraction kit (Sigma, Nxtract), as
previously described.35

INSOLUBLE PROTEIN ISOLATION. Insoluble protein
isolation was performed as previously described.31

QUANTITATIVE REAL-TIME POLYMERASE CHAIN

REACTION ANALYSIS. Quantitative real-time poly-
merase chain reaction was performed as described.31

WESTERN BLOT ANALYSIS. Western blot was per-
formed on mice tissue or human samples as previ-
ously described.36,37

HUMAN SAMPLES AND ApoM DETERMINATION.

Circulating ApoM protein determination was per-
formed from 2 independent cohorts. First, patients
>18 years of age diagnosed with HER2-positive breast
cancer and scheduled to receive adjuvant therapy
(anthracyclines, taxanes, and trastuzumab) were
recruited prospectively and consecutively from Mas-
sachusetts General Hospital, MD Anderson Cancer
Center, and McGill University.38,39 The study was
approved by the Institutional Review Boards of the
participating institutions, and all subjects provided
informed consent. The typical cancer treatment
regimen consisted of Dox 60 mg/m2 and cyclophos-
phamide 600 mg/m2 every 3 weeks for 4 cycles. At
3 months, all patients received paclitaxel 80 mg/m2

and trastuzumab 2 mg/kg weekly for 12 weeks, fol-
lowed by trastuzumab 6 mg/kg every 3 weeks for
1 year. ApoM was measured in plasma samples using
the SomaScan aptamer-based proteomics platform, as
previously described and validated.24,40,41 Second, to
determine the relationship between ApoM protein
levels and mortality in anthracycline cardiotoxicity,
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we included patients from PHFS (Penn Heart Failure
Study) who had a history of anthracycline-induced
cardiomyopathy. ApoM determination in this cohort
was previously described.24

For assessment of insoluble p62 in the human
myocardium, deidentified human heart tissue sam-
ples were obtained from the Human Heart Tissue
Bank at the University of Pennsylvania as previously
described.42 Transmural LV samples from nonfailing
donors (obtained from brain-dead donors with no
clinical history of HF) or anthracycline-induced car-
diomyopathy (obtained at the time of orthotopic
heart transplantation) were obtained from the LV free
wall, with epicardial fat excluded, and flash frozen in
liquid nitrogen.

STATISTICAL ANALYSES. Data are presented as the
mean � SEM or median with 25th and 75th percentiles
(IQR). Data were tested for assumptions of normality
with the Shapiro-Wilk test. If the samples were nor-
mally distributed, a parametric statistical analysis
was performed using the 2-tailed Student’s t-test for
2-group comparisons, and comparisons among mul-
tiple groups were analyzed by analysis of variance
with Dunn’s or Sidak’s post hoc testing for multiple
pairwise comparisons. If the samples were not nor-
mally distributed, we performed Kruskal-Wallis
testing for multiple group analysis with Dunn’s post
hoc testing or Mann-Whitney testing for 2 groups, or
we performed log transformation of the data where
noted. For categorical variables, we used the chi-
square test or Fisher exact test, as appropriate. A
mixed-effects model or repeated measures was used
for changes in ApoM levels over time. For Kaplan-
Meier analysis of survival curves, the log-rank test
was used. Univariable Cox proportional hazards
models were used to assess the relationship between
ApoM and survival in the PHFS patients. Standard-
ized HR values, defined as HR per 1 unit increase in
the z-score, are presented along with 95% CIs. A P
value of <0.05 was considered statistically signifi-
cant, and all probability values presented are 2 tailed.
Analyses were performed using the MATLAB statis-
tics and machine learning toolbox (Matlab 2016b,
MathWorks) or GraphPad Prism 9.0.0.

STUDY APPROVAL. All animal studies were approved
by the Animal Studies Committee at Washington
University School of Medicine or by the Danish Ani-
mal Experiments Inspectorate. Human studies were
deemed exempt by the Washington University School
of Medicine Institutional Review Board because only
deidentified human samples were used.

Additional methodology is described in the
Supplemental Appendix.

RESULTS

ApoM IS INVERSELY ASSOCIATED WITH MORTALITY

IN ANTHRACYCLINE CARDIOMYOPATHY. We previ-
ously reported that circulating ApoM is inversely
associated with mortality in HF patients.24 Whether
ApoM is associated with mortality in patients with
anthracycline cardiomyopathy is presently unknown.
To test this, we identified patients in the PHFS with a
history of anthracycline cardiomyopathy (n ¼ 46).
Patient characteristics are shown in Supplemental
Table 1. Among patients with a history of anthracy-
cline cardiomyopathy, 11 patients died during follow-
up. Baseline ApoM levels below the median were
associated with reduced survival (Figure 1A). In uni-
variable Cox proportional hazards models, we
observed an inverse association between baseline
ApoM and risk of death (Figure 1B) (standardized HR:
0.47; 95% CI: 0.25-0.88; P ¼ 0.018).

Given the known cardiotoxicity caused by anthra-
cyclines,43 we tested whether anthracyclines reduce
ApoM in humans and mice. We observed a decrease in
circulating ApoM in breast cancer patients (clinical
information shown in Supplemental Table 2) treated
with anthracyclines for 4 cycles (Figure 1C). In murine
studies, we observed parallel reductions in circu-
lating ApoM after acute Dox administration
(Figures 1D and 1E), an effect that was dose and time
dependent (Figures 1F and 1G). Furthermore, mice
with heterozygous ApoM deletion (Apomþ/-) exhibi-
ted increased mortality compared to littermate con-
trols (Figure 1H), an effect that was independent of
biological sex.

ApoM ATTENUATES DOX-INDUCED CARDIOTOXICITY.

Given the reduction in plasma ApoM caused by Dox,
we investigated whether increasing ApoM was suffi-
cient to attenuate Dox cardiotoxicity. In initial
studies comparing ApomTG to nontransgenic litter-
mate controls, we modeled cardiotoxicity using
high-dose, acute treatment with Dox (20 mg/kg IP). In
these experiments, we observed that ApomTG mice
were protected from Dox-induced reductions in mu-
rine ApoM, as well as the LV mass and heart weight
(HW)/tibia length (TL) that occurred in littermate
controls (Figures 2A to 2D). In chronic studies with
Dox delivered via tail vein injection (5 mg/kg � 4
doses delivered once per week), we observed
reductions in LVEF in littermate controls but not
in ApomTG mice (Figure 2E). In chronic
models, littermate control mice, but not ApomTG

mice, demonstrated significantly reduced HW/TL
(Figure 2F). To determine whether ApoM could be
used therapeutically to attenuate Dox-induced
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FIGURE 1 ApoM Is Inversely Associated With Mortality in Anthracycline Cardiomyopathy

(A) Kaplan-Meier survival curves for all-cause mortality. The numbers of patients at risk at each timepoint are presented below the graph. (B) HR per SD ApoM in

patients with anthracycline cardiomyopathy. Cox proportional hazards model, n ¼ 46. (C) Aptamer-based ApoM plasma levels in patients with breast cancer after

4 cycles of anthracycline. Mixed-effects model with Dunn’s correction for multiple comparisons (n ¼ 36 at baseline, n ¼ 35 at 3 months, and n ¼ 14 at 6 months). Each

dot represents 1 patient. Dotted lines represent median and quartiles. (D) Representative Western blot for ApoM from plasma isolated from mice 48 hours after

treatment with saline or 10 mg/kg doxorubicin intraperitoneally. (E) Quantification of D. Student’s t-test (n ¼ 8 saline vs n ¼ 10 Dox). Each dot represents 1 mouse.

(F) Representative Western blot for ApoM from plasma isolated from mice after treatment with saline or 5 mg/kg Dox intraperitoneally. Week 1 means 48 hours after

the first dose, week 2 means 48 hours after the second dose, and week 6 means 6 weeks after the first dose. (G) Quantification of F. One-way repeated-measures

analysis of variance with Dunn’s correction for multiple comparisons (n ¼ 8 per group). Each dot represents 1 mouse. (H) Survival of littermate control (WT) and

Apomþ/- mice 4 weeks after 10 mg/kg Dox intraperitoneally (n ¼ 26 WT vs n ¼ 35 Apomþ/- with sex matching). Log-rank test. *P < 0.05. **P < 0.01. 3M ¼ 3 months;

6M ¼ 6 months; ApoM ¼ apolipoprotein M; a.u. ¼ arbitrary units; Bsl ¼ baseline; Dox ¼ doxorubicin; Sal ¼ saline; Wk ¼ week; WT ¼ wild type.
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cardiotoxicity, we treated Apomþ/- mice with either
ApoM transgenic or control (ApoM heterozygous)
plasma before Dox followed by echocardiography at
14 days, before the onset of significant mortality (see
Figure 1H). Of the 7 Apomþ/- mice that received control
plasma, 1 died before echocardiography, but 2 addi-
tional died before being sacrificed, whereas among
the 7 mice that received transgenic plasma, all mice
survived 14 days, and 2 mice died before being
sacrificed. Mice that received plasma enriched for
ApoM had higher LVEF than mice that received

control plasma (Figure 2G), and HW/TL ratios were
similar (Figure 2H).

Finally, using a murine model of acute promyelo-
cytic leukemia,32,44 we observed that Dox treatment
(subcutaneous 4 mg/kg � 6 doses) (Supplemental
Figure 1A) extended survival to a similar degree in
ApomTG mice compared to littermate controls
(Supplemental Figure 1B) with blast suppression
2 days after the last dose of Dox (Supplemental
Figure 1C), indicating that ApoM does not attenuate
the antileukemic efficacy of Dox in vivo.

FIGURE 2 ApoM Attenuates Dox-Induced Mortality and Cardiotoxicity

(A) Representative Western blot of human and mouse ApoM of plasma obtained from littermate control and ApomTG male mice 5 days after 20 mg/kg Dox

intraperitoneally (IP). (B) Quantification of A. Two-way analysis of variance (ANOVA) with Sidak’s correction for multiple comparisons (n ¼ 4 per group). (C) Change in

LV mass from baseline and 5 days after 20 mg/kg Dox intraperitoneally (IP). Two-way repeated-measures ANOVA with Sidak’s correction for multiple comparisons

(n ¼ 4 per group male mice). (D) HW/TL from saline and 5 days after 20 mg/kg Dox IP. Two-way ANOVA with Sidak’s correction for multiple comparisons (n¼ 3-7 male

mice). (E) Change in LVEF from baseline and 3 months after 4 weekly doses of 5 mg/kg Dox intravenously (IV). Two-way repeated-measures ANOVA with Sidak’s

correction for multiple comparisons (n ¼ 6 Ctrl vs n ¼ 5 ApomTG male mice). (F) HW/TL from saline and 3 months after 4 weekly doses of 5 mg/kg Dox IV. Two-way

ANOVA with Sidak’s correction for multiple comparisons (n ¼ 3-4 male mice). (G) Left ventricular ejection fraction in Apomþ/- male mice treated with 120 mL plasma

obtained from Apomþ/- or ApomTG donor mice (2 doses on subsequent days) and 10 mg/kg Dox IP (on day 2). Student’s t-test (n ¼ 6 Apomþ/- vs n ¼ 7 ApomTG mice).

(H) HW/TL in surviving mice from G, obtained at 4 weeks. Student’s t-test (n ¼ 4 Apomþ/- vs n ¼ 5 ApomTG mice). Each dot represents 1 mouse in B to H. *P < 0.05.

**P < 0.01. ***P < 0.001. Ctrl ¼ control; EF ¼ ejection fraction; h ¼ human; HW ¼ heart weight; LV ¼ left ventricular; m ¼ mouse; ns ¼ not significant; TL ¼ tibia

length; other abbreviations as in Figure 1.
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ApoM OVEREXPRESSION DOES NOT ALTER DOX-INDUCED

DNA DAMAGE, APOPTOSIS, FIBROSIS, OR PROTEIN

KINASE B SIGNALING. We next investigated mecha-
nisms by which ApoM could attenuate Dox car-
diotoxicity. In these studies, we used an intermediate
dose of Dox (10 mg/kg [IP]) sufficient to result in
signaling changes without significant weight loss over
48 hours. We examined myocardial g-H2AX foci45 as a
marker of DNA damage resulting from acute Dox
administration, and found no difference in foci in
ApomTG vs littermate control mice (Supplemental
Figure 2). Because HDL can attenuate apoptosis
caused by Dox in vitro,15 we performed anti–caspase 3
immunohistochemistry in myocardial sections from
the described mice and again found no significant
differences in active nuclear caspase 346

(Supplemental Figure 3). Furthermore, the levels of
myocardial anti–caspase 3 staining were relatively
modest compared to positive controls obtained from
prior closed-chest ischemia reperfusion experi-
ments.47 Evaluation of mitochondrial ultrastructure
by electron microscopy did not demonstrate marked
differences in acute or chronic Dox cardiotoxicity
models between ApomTG and littermate controls
(Supplemental Figures 4A and 4B), nor was there
evidence of reduced fibrosis by Masson’s trichrome
stain in the chronic model (Supplemental Figure 5).

Transgenic overexpression of ApoA-I (Apoa1TG),
the main protein constituent of HDL, attenuates Dox
cardiotoxicity via the phosphoinositol-3-kinase/pro-
tein kinase B (Akt) pathway.14 We confirmed that
Apoa1TG mice exhibited increased Akt phosphoryla-
tion at Ser473; however, we did not observe increased
phosphorylation of Akt at Ser473 in ApomTG mice
(Supplemental Figures 6A to 6D). Altogether, these
studies suggest that ApoM did not attenuate car-
diotoxicity in Dox cardiotoxicity by affecting DNA
damage, apoptosis, Akt signaling, or fibrosis in the
myocardium.

ApoM OVEREXPRESSION PREVENTS DOX-INDUCED

AUTOPHAGIC IMPAIRMENT. We therefore turned
our attention to whether ApoM might be affecting
autophagy and lysosome dysfunction, which have
recently been reported in murine models of Dox
cardiotoxicity.11,12 To measure autophagic flux, we
performed immunohistochemistry for autophagy
proteins LC3, a marker of autophagosomes, and p62,
an autophagy receptor and substrate, respectively,
from myocardial sections of mice treated with vehicle
and Dox plus or minus the lysosomal inhibitor chlo-
roquine. Compared to littermate controls, ApomTG

exhibited intact autophagic flux after Dox, as evi-
denced by accumulation of LC3 (Figures 3A and 3B)

and p62 (Figures 3C and 3D) with chloroquine.
Importantly, ApomTG did not affect messenger RNA
abundance of LC3B or p62 (Figures 3E and 3F), nor did
ApomTG affect basal autophagic flux as determined by
LC3 and p62 protein levels (Supplemental Figures 7A
and 7B).

To verify the effect of ApoM on autophagy, we
generated a new line of mice with human ApoM
overexpression in the murine ApoM-knockout back-
ground (ApomKOApomTG) and assayed accumulation
of insoluble p62, an indicator of autophagic impair-
ment that occurs in human and murine HF.31,48 In
contrast to Dox-treated ApomKO mice that accumu-
lated insoluble p62, ApomKOApomTG mice exhibited
reduced insoluble p62 (Figures 3G and 3H), which
likely reflects increased autophagic removal of insol-
uble protein. We then confirmed that accumulation of
insoluble p62 is a pathophysiologic feature of human
anthracycline cardiomyopathy, because LV myocar-
dium from anthracycline cardiomyopathy patients
exhibited increased insoluble p62 relative to donors
without a history of HF (Figures 3I and 3J).

ApoM REGULATES TFEB IN AN S1P-DEPENDENT

MANNER. Prior studies suggest that increasing TFEB
alleviates anthracycline cardiotoxicity.12 To deter-
mine the effects of ApoM on nuclear translocation of
TFEB, we performed nuclear protein isolation from
control and ApomTG hearts. Although ApoM over-
expression did not alter total TFEB protein levels
(Supplemental Figures 8A and 8B), ApomTG mice
demonstrated unexpected reductions in active nu-
clear TFEB at baseline (Figures 4A and 4B), as evi-
denced by reductions in the faster-migrating
dephosphorylated band that represents active TFEB.
Nevertheless, in response to Dox, ApomTG mice were
resistant to the further decreases in nuclear TFEB that
occurred in littermate controls (interaction P < 0.001)
(Figures 4C and 4D), suggesting that in the context of
ApoM overexpression, Dox has a differential effect on
nuclear TFEB content.

To test whether an acute increase in ApoM also
alters nuclear TFEB content, we used plasma transfer
from donor ApomTG or ApomKO mice to recipient
ApomKO mice before the administration of Dox.
Plasma transfer increased human ApoM levels in
ApomKO mice (Supplemental Figure 8C). ApomTG

plasma also reduced baseline TFEB levels (that were
elevated in ApomKO mice receiving ApomKO plasma)
and attenuated further decrease in TFEB levels after
Dox (interaction P ¼ 0.006) (Figures 4E and 4F),
similar to what we observed in ApomTG mice. Mech-
anistically, administration of ApomTG plasma resulted
in increased phosphorylation of mammalian target of
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FIGURE 3 ApoM Attenuates Dox-Induced Autophagic Impairment

(A) Representative images of immunohistochemical staining of midmyocardial sections with a-LC3 and DAPI in littermate control (Ctrl) and ApomTG male mice 48 hours

posttreatment with saline or Dox (10 mg/kg) intraperitoneally (IP) and, 4 hours before being sacrificed, with vehicle vs chloroquine (60 mg/kg) IP (scale bar ¼ 5 mm).

(B) Blinded quantification of LC3 foci from A. Two-way analysis of variance (ANOVA) with Sidak’s correction for multiple comparisons (n ¼ 3 per group). Data were log

transformed because of violation of normality. (C) Representative images of immunohistochemical staining of midmyocardial sections with a-p62 and DAPI in mice

from A (scale bar ¼ 5 mm). (D) Blinded quantification of p62 foci from C. Two-way ANOVA with Sidak’s correction for multiple comparisons (n ¼ 3 per group). Data

were log transformed because of violation of normality. (E, F) LC3B and p62 messenger RNA abundance accessed by quantitative polymerase chain reaction in Ctrl and

ApomTG male mice 48 hours posttreatment with saline or 10 mg/kg Dox IP. Two-way ANOVA with Sidak’s correction for multiple comparisons (n ¼ 4 per group).

(G) Representative Western blot for myocardial soluble vs insoluble p62 from ApomKO and ApomKOApomTG male mice 5 days after 15 mg/kg Dox IP. (H) The ratio of

insoluble p62/total protein (based on Ponceau S) relative to the soluble p62/total protein. Student’s t-test (n ¼ 6 ApomKO vs n ¼ 5 ApomKOApomTG). (I)

Representative Western blot for myocardial soluble vs insoluble p62 from patients with a history of heart failure caused by anthracycline cardiomyopathy vs donor

controls obtained from patients without any known clinical heart failure. (J) The ratio of insoluble p62/total protein relative to the soluble p62/total protein. Student’s

t-test (n ¼ 6 per group). Each dot represents 1 mouse in B, D, E, F, and H or 1 patient in J. *P < 0.05. **P < 0.01. AC ¼ anthracycline cardiomyopathy;

CQ ¼ chloroquine; DAPI ¼ 40,6-diamidino-2-phenylindole; rel. ¼ relative; Veh ¼ vehicle; other abbreviations as in Figures 1 and 2.
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FIGURE 4 ApoM Attenuates Dox-Induced Reductions in Nuclear TFEB

(A) Representative Western blot of TFEB from isolated myocardial nuclear protein extracts from littermate control (Ctrl) and ApomTG male mice. (B) Quantification of

nuclear TFEB from A. Student’s t-test (n ¼ 10 per group). (C) Representative Western blot of TFEB from isolated myocardial nuclear protein extracts from Ctrl and

ApomTG male mice 48 hours after treatment with saline or Dox (10 mg/kg) IP. (D) Quantification of nuclear TFEB from C. Two-way analysis of variance (ANOVA) with

Sidak’s correction for multiple comparisons (n ¼ 4 per group). (E) Representative Western blot of TFEB from isolated myocardial nuclear protein extracts of ApomKO

male mice 2 days after transfer of 120 mL plasma obtained from ApomKO or ApomTG donor mice 48 hours after treatment with saline or Dox (10 mg/kg)

intraperitoneally. (F) Quantification of nuclear TFEB from E. Two-way ANOVA with Sidak’s correction for multiple comparisons (n ¼ 4 per group). (G) Representative

Western blot of p-mTOR (Ser244), mTOR, p-AMPKa (Thr172), and AMPKa from myocardial protein extracts obtained from ApomKO male mice 2 days after transfer of 120

mL plasma obtained from ApomKO (KO) or ApomTG (TG) donor mice. (H, I) Quantification of p-mTORSer2448/mTOR and p-AMPKaThr172/AMPKa from G. Student’s t-test

(n ¼ 6 per group). (J) Representative Western blot of p-ULK1 (Ser757), ULK1, p-P70S6K (Thr389), P70S6K, p-4E-BP1 (Thr37/46), and 4E-BP1 from myocardial

protein extracts obtained from ApomKO male mice 2 days after transfer of 120 mL plasma obtained from ApomKO (KO) or ApomTG (TG) donor mice. (K to M)

Quantification of p-ULK1Ser757/ULK1, p-P70S6KThr389/P70S6K, and p-4E-BP1Thr37/46/4E-BP1 from J. Student’s t-test (n ¼ 4 per group). Each dot represents 1 mouse in B,

D, F, H, I, and K to M. *P < 0.05. **P < 0.01. ***P < 0.001. AMPK ¼ AMP-activated protein kinase; H3 ¼ histone H3; mTOR ¼ mammalian target of rapamycin;

p- ¼ phosphorylated; TFEB ¼ transcription factor EB; other abbreviations as in Figures 1 to 3.
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rapamycin (mTOR) at Ser2448 but also increased
adenosine monophosphate-activated protein kinase
(AMPK) phosphorylation at Thr172 and phosphoryla-
tion of multiple mTOR targets including ULK1,
p70S6K, and 4E-BP1 (Figures 4G to 4M).

We next sought to determine whether our obser-
vation regarding TFEB regulation by ApoM requires
canonical S1P-dependent signaling. To do so, we used
a novel ApoM knockin mouse (R98A, W100A, and
R116A) called ApoM-TM that cannot bind S1P.
ApoM-TM mice demonstrated increased nuclear TFEB
(Figures 5A and 5B), which phenocopied ApomKO and
Apomþ/- mice (Figures 5C to 5F). Finally, knockout of
S1P receptor 3 (S1PR3) also abrogated the effects of
ApoM on TFEB (Figures 5E and 5F), suggesting
that ApoM negatively regulates TFEB through
S1P-mediated S1PR3 signaling.

Given that ApoM overexpression reduced TFEB
without reducing autophagic flux, we sought to
explore the consequences of TFEB knockdown in
littermate control and ApomTG mice, using a validated

strategy of adeno-associated virus 9 (AAV9) short
hairpin RNA (shRNA).31 Littermate control and
ApomTG mice were injected intravenously with 3.5e11
viral particles of AAV9-shScramble vs AAV9-shTFEB.
AAV9-shTFEB transduction resulted in significant
reductions in TFEB messenger RNA abundance in
littermate controls and ApomTG mice (Figure 6A).
TFEB knockdown had opposing effects on heart rate
in littermate control vs ApomTG mice (interaction
P ¼ 0.035) (Figure 6B). Although TFEB knockdown did
not significantly affect the EF (Figure 6C), ApomTG had
significant increases in end-diastolic volume that did
not occur in littermate controls (interaction
P ¼ 0.045) (Figure 6D); hence, in contrast to littermate
controls, ApomTG mice had adverse LV remodeling
after TFEB knockdown. To determine the effect of
TFEB knockdown on autophagy, we performed im-
munostaining for LC3 in littermate control and
ApomTG mice transduced with AAV9-shScramble or
shTFEB. In comparison to mice transduced
with shScramble, only ApomTG transduced with

FIGURE 5 ApoM Reduces Nuclear TFEB in an S1P-Dependent Manner Through S1PR3

(A) Representative Western blot of TFEB from isolated myocardial nuclear protein extracts from control (CTR) and ApoM triple mutant (TM) male mice that cannot bind

S1P. (B) Quantification of nuclear TFEB from A. Student’s t-test (n ¼ 3 per group). (C) Representative Western blot of TFEB from isolated myocardial nuclear protein

extracts from WT and ApomKO male mice. (D) Quantification of nuclear TFEB from C. Student’s t-test (n ¼ 3 per group). (E) Representative Western blot of TFEB from

isolated myocardial nuclear protein extracts from WT and Apomþ/- male mice. (F) Quantification of nuclear TFEB from E. Student’s t-test (n ¼ 4 per group).

(G) Representative Western blot of TFEB from isolated myocardial nuclear protein extracts in ApomTG mice crossed with S1pr3KO mice. (H) Quantification of nuclear

TFEB from G. Student’s t-test (n ¼ 4 per group male mice). Each dot represents 1 mouse in B, D, F, and H. *P < 0.05. **P < 0.01. S1P ¼ sphingosine-1-phosphate;

S1PR3 ¼ sphingosine-1-phosphate receptor 3; other abbreviations as in Figures 1, 3, and 4.
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AAV9-shTFEB exhibited reductions in LC3 foci
(Figures 6E and 6F). In littermate control wild-type
mice, TFEB knockdown had no effect on LC3 foci,
whereas TFEB knockdown in ApomTG mice reduced
LC3 foci. In summary, ApomTG mice exhibit decreased
nuclear TFEB and are sensitive to further knockdown
of TFEB.

ApoM AND S1P ATTENUATE DOX-INDUCED LYSOSOMAL

INJURY. Both anthracyclines and other chemothera-
peutic drugs activate a lysosomal stress response

characterized by loss of lysosomal pH11 and lysosomal
exocytosis, as evidenced by redistribution of lyso-
somes to the plasma membrane.49 Given the para-
doxical findings that ApoM preserves autophagic flux
after Dox but reduces baseline nuclear levels of TFEB,
a transcription factor that regulates autophagy and
lysosomal biogenesis, we reasoned that ApoM and S1P
may protect against Dox-induced lysosomal injury
in vivo. To test this, we used a lysosomal RFP reporter
(Myh6-Cre LAMP1-RFP) to genetically label and track

FIGURE 6 ApoM, TFEB, and Anthracycline Cardiotoxicity

(A) TFEB messenger RNA abundance accessed by quantitative polymerase chain reaction in littermate control (Ctrl) and ApomTG male mice transduced with

AAV9-shScramble or AAV9-shTFEB. Two-way analysis of variance (ANOVA) with Sidak’s correction for multiple comparisons (n ¼ 4 per group). (B-D) Heart rate, EF,

and log-transformed end-diastolic volume assessed by echocardiography 2 weeks after viral transduction. Two-way ANOVA with Sidak’s correction for multiple

comparisons (n¼7 per group). (E) Representative images of immunohistochemical assessment of LC3 foci in myocardial sections (scare bar ¼ 5 mm). (F) Blinded

quantification of LC3 foci from E. Two-way ANOVA with Sidak’s correction for multiple comparisons (n ¼ 4 per group). Each dot represents 1 mouse in A to D and F.

*P < 0.05. **P < 0.01. AAV9 ¼ adeno-associated virus 9; DAPI ¼ 40,6-diamidino-2-phenylindole; sh ¼ short hairpin; other abbreviations as in Figures 2 and 4.
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cardiomyocyte lysosomes (Supplemental Figure 9A).
Expression of this LAMP1-RFP construct in car-
diomyocytes does not significantly alter cardiac
function or structure as measured by echocardiogra-
phy (Supplemental Figures 9B and 9C) or significantly
alter HW (Supplemental Figure 9D). We then treated
Myh6-Cre Rosa-LAMP1-RFP mice with ApomTG plasma
followed by Dox. Dox induced reductions in the RFP
signal that were attenuated by ApomTG plasma
(Figures 7A and 7B).

To further determine whether an S1P mimetic
could attenuate lysosomal injury, we treated
neonatal rat cardiomyocytes with either vehicle or
the S1P mimetic FTY720 before treatment with Dox,

followed by live cell microscopy with a Lysosensor
DND-160, a pH-sensitive ratiometric probe that can be
used to measure pH in acidified organelles. To
harness only the S1P-activating effects of FTY720,
cardiomyocytes were pretreated with 25 nmol/L of
FTY720 for 5 minutes before washing the cells with
phosphate-buffered saline and subsequent treatment
with Dox. In these experiments, we were careful to
treatwith low-dose (0.5 mmol/L) Dox for only 4 hours to
minimize the cytotoxic effects of the drug seen with
higher doses and longer timepoints. Treatment of
cardiomyocytes with Dox resulted in a characteristic
pattern of lysosomal exocytosis that was abrogated by
pretreatment with FTY720 (Figures 7C and 7D).

FIGURE 7 ApoM and S1P Attenuate Dox-Induced Lysosomal Injury

(A) Representative images of red fluorescence of midmyocardial sections inMyh6-Cre � Rosa-LAMP1-RFP mice injected with 120 mL plasma obtained from ApomTG mice

and then treated with 2 days of Dox (10 mg/kg) intraperitoneally. (B) Blinded quantification of red/blue intensity from A. One-way analysis of variance with Sidak’s

correction for multiple comparisons (n ¼ 3 per sex-matched group). Each dot represents 1 mouse. (C) S1P mimetic pretreatment of neonatal rat cardiomyocytes

attenuates lysosomal injury. Representative pseudocolor excitation ratio images of Lysosensor-loaded lysosomes in cells exposed to DMSO, 0.5 mmol/L Dox, and

0.5 mmol/L Dox with 25 nmol/L FTY720 pretreatment for 5 minutes. Cells were incubated with 1 mmol/L Lysosensor Yellow/Blue DND 160 for 3 minutes, washed with

Hank’s balanced salt solution, and imaged by collecting pairs of images excited at 380 nm and 340 nm through a long-pass 480-nm emission filter through a 40�/1.35

oil immersion lens (Olympus). Frequency distribution of the excitation ratio values in single lysosomes (scale bar ¼ 25 mm). White arrows indicate lysosomes. (D) Graph

of the numbers of lysosomes with pH from C, and data for individual lysosomes pooled from 3 separate litters of rats were collected in 30 to 60 individual cells

(chi-square test). *P < 0.05. ***P < 0.001. DMSO ¼ dimethyl sulfoxide; LAMP1 ¼ lysosomal associated membrane protein 1; RFP ¼ red fluorescent protein; other

abbreviations as in Figures 1, 3, and 5.
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Furthermore, Dox resulted in acute changes in
lysosomal pH over 4 hours that were attenuated by
pretreatment with FTY720. Hence, both ApoM and
a S1P mimetic are able to protect cardiomyocyte
lysosomes from Dox-induced injury and alterations in
pH, respectively.

DISCUSSION

In this paper, we used a spectrum of human cohort
and myocardial tissue samples as well as multiple
murine models to demonstrate that ApoM attenuates
the cardiotoxicity, autophagic impairment, and lyso-
somal injury that occurs because of anthracyclines.
The translational relevance of our studies is high-
lighted by our observations that: 1) circulating ApoM
is inversely associated with mortality in human
anthracycline-induced cardiomyopathy; 2) anthracy-
cline treatment reduces circulating ApoM in humans
and mice; 3) increasing ApoM attenuates Dox car-
diotoxicity and preserves myocardial autophagic flux
but does not affect Dox antineoplastic efficacy; and
4) autophagic impairment is characteristic of human
anthracycline cardiomyopathy. These findings are
concordant with and expand on our prior findings
that ApoM is inversely associated with all-cause
mortality in HF patients.24

Mechanistically, our studies suggest ApoM, via S1P
signaling, is a novel regulator of the autophagy-
lysosome pathway and TFEB, both of which exhibit
complex interactions in Dox cardiotoxicity. The main
mechanistic conclusion of our work is that car-
dioprotection by ApoM and S1P50,51 are mediated by
effects of ApoM/S1P on lysosomes and preservation of
autophagic flux. Although we find that ApoM
administration leads to activation of mTOR signaling,
which is typically associated with reduced autophagic
flux, we find concomitant activation of AMPK.
Simultaneous activation of mTOR and AMPK has
previously been observed and may partially explain
why ApoM does not reduce basal autophagy.52

Our findings further demonstrate that ApoM/S1P
can protect lysosomes from Dox-induced loss of pH.
Across all our models, we consistently observed that
untreated wild-type mice have higher nuclear TFEB
levels than ApomTG mice; hence, it is unlikely that the
effect of ApoM/S1P on lysosomes is caused by
increased TFEB nuclear translation. Although prior
findings suggest that increased TFEB attenuates Dox
cardiotoxicity, TFEB does not appear to play a role in
Apomþ/- mice because they exhibit increased nuclear

TFEB and increased mortality after Dox. These find-
ings suggest alternate potential mechanisms. In fact,
our data indicate 2 distinct effects of ApoM/S1P on
TFEB. In the unstressed heart before Dox exposure,
ApoM/S1P signaling negatively regulates TFEB
nuclear translocation. Mutation of the ApoM-S1P
binding pocket, ApoM heterozygosity or knockout,
and S1PR3 knockout all caused increases in myocar-
dial nuclear TFEB content, suggesting that the
ApoM/S1P axis is a rheostat for TFEB in the un-
stressed heart; that is, in the absence of exogenous
stress, increasing ApoM reduces active TFEB con-
tent, whereas reducing ApoM or its ability to bind
S1P or signal through S1PR3 all increase nuclear
TFEB. Our data point toward mTOR phosphoryla-
tion as the most likely reason for TFEB
down-regulation in ApomTG mice. Interestingly,
mTOR inhibition was previously shown to exacer-
bate Dox cardiotoxicity by reducing LV mass, sug-
gesting that ApoM-driven mTOR activation might
partially explain the preserved LV mass observed in
ApomTG mice treated with Dox. Given that mTOR
inactivates TFEB and recent observations that
increased TFEB may exacerbate HF outcomes,53 it is
possible that mTOR activation may prevent pro-
gression to cardiomyopathy through TFEB inhibi-
tion. Furthermore, in the setting of Dox, ApoM
overexpression or delivery of plasma enriched for
ApoM preserved both TFEB and lysosomal abun-
dance in cardiomyocytes in vivo, as assayed by
LAMP1-RFP–positive structures. The effect on car-
diomyocyte lysosomes was also observed in vitro
after a brief incubation with an S1P mimetic. This
relatively rapid effect of ApoM/S1P is also consistent
with a posttranscriptional mechanism, although one
limitation of our current studies is that we have yet
to identify how ApoM/S1P can protect lysosomal
structures during Dox injury.

In our studies, we did not find significant effects of
Dox or ApoM on cell death or fibrosis in models where
mice received cumulative doses of Dox ranging from
10 to 20 mg/kg, well within the typical doses
delivered in murine studies. However, the literature
is mixed in terms of the degree of apoptosis and
LV fibrosis attributable to Dox, with some
reports describing 7.5% fibrotic area 4 days after Dox
(10 mg/kg)54 and other studies showed no increase in
terminal deoxynucleotidyl transferase dUTP nick end
labeling-positive cells and only perivascular fibrosis
with a cumulative dose of 12 mg/kg.55 In contrast,
other studies of higher doses (20 mg/kg) show
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minimal LV fibrosis after 2 weeks.56 Although there is
significant variability in the degree of LV fibrosis re-
ported, one of the most consistent findings across
murine and human studies is loss of LV mass, which
is associated with increased morbidity and mortality
in humans.5,57,58 Whether acute therapy with ApoM
or S1P mimetics, particularly for individuals with
reduced ApoM, may attenuate reductions in LV mass
requires further research.

Another important finding of our studies is that
autophagic impairment is a pathophysiologic charac-
teristic of anthracycline cardiomyopathy in humans.
Although anthracyclines mediate toxicity via
multiple pathways, lysosomes have recently emerged
as a critical target of anthracyclines and other anti-
neoplastic drugs,11,12,49 and they have an increasingly
recognized role in cardiometabolic disease.59 In
humans with anthracycline cardiomyopathy, we
observed accumulation of insoluble p62, suggesting
that the autophagic impairment observed previously
in murine models11 also occurs in humans. Our
studies support that restoring ApoM might be an
attractive cardioprotective strategy, because
ApoM heterozygous loss of function increased
Dox-associated mortality, whereas acute increases in
ApoM demonstrated biological activity against Dox-
induced lysosomal injury. In addition, because the
preservation of autophagic flux has been implicated
in the pathogenesis of HF more broadly,31,48 our
studies may help explain the broader link between
ApoM and HF outcomes.

STUDY LIMITATIONS. Limitations of our study
include that the observations regarding ApoM and
outcomes of anthracycline cardiomyopathy are based
on a small number of patents (n ¼ 46) and events
(n ¼ 11). Although ApoM attenuates Dox-induced
autophagic impairment, as determined by flux as-
says and accumulation of insoluble protein, the
mechanisms for ApoM-mediated preservation of
autophagic flux and lysosomal function remain
incompletely defined and will require further exper-
imental studies. Finally, the role of autophagy in Dox
cardiomyopathy remains context dependent, and
whether the salutary effects of ApoM relate to its
effects on TFEB, autophagy, or lysosome function
and how these pathways result in Dox cardiomyopa-
thy will require additional studies.

CONCLUSIONS

The major conclusions of our study are that anthra-
cycline therapy reduces ApoM in humans and mice,
and that reductions in ApoM are associated with
mortality. Treatment of mice with ApoM attenuates
anthracycline cardiotoxicity and markers of auto-
phagic impairment. The most likely explanation for
these findings is that ApoM attenuates anthracycline-
induced lysosomal injury, thereby attenuating
cardiotoxicity.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: ApoM is

a lipocalin that is associated with high-density

lipoprotein, and ApoM is inversely associated with

mortality in human heart failure. Here, we have identified

that anthracycline therapy is associated with reductions in

ApoM in humans and that in patients with cardiomyopa-

thy caused by anthracycline, ApoM is inversely associated

with mortality. Patients with anthracycline-induced heart

failure also exhibit impairments in autophagy, with

accumulation of insoluble proteins, which is also evi-

denced in mice that lack ApoM.

TRANSLATIONAL OUTLOOK: By identifying ApoM as

a mechanistic link between doxorubicin cardiotoxicity and

autophagic impairment, our studies suggest that thera-

pies that restore ApoM levels may prevent or treat

anthracycline cardiomyopathy. Whether this mechanism

is generalizable to other heart failure syndromes will

require further study.
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